Benchmarks
Numerous reports have shown that haplotypes are better than single markers for genetic association studies (1) . Alleles of single markers may not always demonstrate an association clearly, while haplotypes can significantly improve the power and robustness of association tests because of stronger linkage disequilibrium (1) . However, conventional haplotyping requires the use of several generations to reconstruct haplotypes within a pedigree, while computational strategies that rely upon statistical inference are likely to require large sample sizes for acceptable accuracy. Various methodologies for direct molecular haplotyping have also been described (2) , making it a valuable strategy for gene mapping studies (3) .
Recently, Flot et al. (4) described phase determination from direct sequencing of length-variable DNA regions. Their method was based on the observation that different bases are superimposed in the forward and reverse chromatograms obtained by sequencing a mixture of PCR-amplified products from such regions. They noted that their method was tedious when performed manually and suggested that a program that could perform this analysis automatically would be of significant benefit. This prompted us to develop TraceHaplotyper, a Perl script that scans a trace file for single nucleotide polymorphisms (SNPs) in the proximity of a polymorphic insertiondeletion (indel) site and outputs the reconstructed phases.
Although conventional tools for sequence analysis can be used to deduce SNPs (a chromatogram with interpretable heterozygous SNP is shown in Figure 1A ), they cannot interpret trace files of PCR products that are heterozygous with respect to indels. Following the site of the indel, base calling is hampered by ambiguity that arises from the superimposed sequence of two different alleles that are shifted in their positions (e.g., Figure 1 , C and D). However, as demonstrated in Figure  1 , the phase of SNP alleles that follow the indel can be determined manually by analysis of their corresponding sites on the chromatogram (4). The underlying principle is exemplified in Figure  1E -if a SNP and an indel mutation are linked (i.e., on the same DNA strand), the SNP will be shifted by the presence of the indel. If they are not linked (i.e., on different strands or chromosomes), the position of the SNP will not be moved by the presence of the indel in the sequenced DNA mixture.
To perform haplotype phasing, TraceHaplotyper uses two input files: (i) the trace file in .ab1, .abi, or .scf format and (ii) a file detailing the expected locations and sequences of the indel and of the SNP(s). Thus, this information about the indel and the sites of the SNPs must be known beforehand or deduced from the forward and reverse sequencing traces by manual inspection.
The algorithm uses the Phred -d option for base calling (5) . Each call returns the identity of the two major peaks and their quality. If only one peak is detected, then it is assumed that this peak results from two identical major peaks. TraceHaplotyper makes use of the sequence of the 20 bases immediately upstream of the indel site to identify the corresponding site in the trace file. Then, the program attempts to determine the genotype of the indel and the SNP by the following procedure. First, it moves to the position where the SNP would be if the deletion were present. To be sure that the right site is being examined, the program searches for the expected base combination immediately upstream of the SNP site. By checking sequence context, the program can correct for a one-nucleotide deviation from the expected location, which might occur due to inaccuracies introduced by the automated sequencing software trying to compensate for sequence-specific fluctuations in electrophoretic mobility. Any failure to observe the expected base combinations in these sites would produce an output, indicating that TraceHaplotyper could not align the sequences of the expected and the trace files. Assuming that the correct SNP position is located and confirmed, the base call is analyzed. In the example shown in Figure 1 , C and D, this call is A or G (R). The expected base of the chromosome with the insertion at this position is G (see Figure 1A ; G is the third nucleotide of the insertion). Hence, the other base A is the SNP call for the chromosome lacking the insertion; in other words, the haplotype is Del + SNP A. The entire process is then repeated for the location of the SNP site when the insertion is present. In the example shown in Figure 1C , the base call is G or T (K); in the case shown in Figure 1D , the base call is A or T (W). As shown in Figure 1B , the expected base of the chromosome lacking the insertion at this position is T. Hence, the program would determine bases G and A as the SNP calls in Figure 1 , C and D, respectively, corresponding to the haplotypes Ins + SNP G and Ins + SNP A.
We have evaluated the performance of TraceHaplotyper using trace files pertaining to an effort to develop SNPs and microsatellite markers in cattle. Microsatellites are multiallelic indels that are based on tandem repeats. The occurrence of null alleles in these genetic markers is widely acknowledged and frequently arises from SNPs in the primer sites that prevent PCR TraceHaplotyper: using direct sequencing to determine the phase of an indel followed by biallelic SNPs Benchmarks amplification of one allele (6) . We have encountered numerous occurrences of such indel-SNP pairs. Results for two loci, TRA16 and GRAMD3, can be viewed by using the sample data set available at the TraceHaplotyper homepage (cowry.agri.huji.ac.il/cgibin/TraceHaplotyper.cgi). The TRA16 locus, which is shown in detail in Figure  1 , is an example of an indel followed by a single SNP. Data for the GRAMD3 locus show that TraceHaplotyper is also able to analyze a situation in which two SNPs follow the indel. We found that haplotypes were constructed successfully for the GRAMD3 locus even when the SNP site was as much as 171 bp downstream from the site of the indel. However, the quality of the trace and base calling may affect the result because the program is not designed to contend with deviation from the expected pattern of more than one base. The program is unlikely to be able to align the expected and the trace sequences of low-quality traces with such deviations.
Using Phred as a base caller, we often observed deviations of one base from the pattern that was expected in the superimposed regions. These deviations arise from mobility-shift effects as the electrophoretic mobility of a DNA fragment does not solely depend on its length but also on its sequence. For TraceHaplotyper to work best, the PCR-sequencing primers need to be at an optimal distance from the region of the indel and SNP to minimize the inaccurate correction of mobility of the labeled sequenced products being observed with the sequencing analysis software of Applied Biosystems. This software corrects for the effect on the mobility of the labeled sequencing products due to the different fluorophores so that the peaks of equivalent position in the sequence co-migrate. This inaccuracy in correction will vary with the sequencer and the gel polymer. Slab gels (ABI PRISM ® 373 and 377; Applied BioSystems, Foster City, CA, USA) and the ABI PRISM 3100 genetic analyzer using POP-6™ show the best correction. In contrast, sequencing with an ABI PRISM 3730 using POP-7 would require a distance of at least 100 bp from the 3′ end of the primer to minimize this mobilityshift effect.
Hence, to determine the general applicability of this method, it is essential to estimate how many indel-SNP pairs are located closely enough to each other so that they can be used. Such data are available for several important genomes. Frequencies of one SNP per 31 bp and one indel per 85 bp were found in noncoding regions of maize (7) . Assuming Poissonian distribution, the probability for occurrence of both within 200 bp is 0.9, which predicts millions of applicable occurrences in the maize genome. Indeed, a study of the frequently occurring indels in 3′ regions of maize genes (8) , which also recorded the SNPs in these regions, concluded that about a quarter showed indels as well as SNPs, suggesting the applicability of the method for maize. In humans, the polymorphism database currently has about 10 and 2 million entries containing SNPs and indels, respectively (9,587,723 and 2,170,673; dbSNP build 127). Thus, the frequencies of these human polymor- PCR amplification of a 778-bp product from the bovine TRA16 locus was performed using genomic DNA as template and oligonucleotide primers (5′-AGGGAACCTGTGCTCACACT-3′ and 5′-AAGGACTCTGCTGTGCTTCC-3′). The sequencing of these biallelic PCR products revealed two adjacent polymorphisms: an eight-base indel 5′-TGGGTCAC-3′) and a single-base variation A or G. Analysis of this locus revealed that the following haplotypes were observed: the insertion allele followed by the single nucleotide polymorphism (SNP) allele G (Ins + SNP G), the insertion allele followed by the SNP allele A (Ins + SNP A), and the deletion allele followed by the SNP allele A (Del + SNP A). Four trace patterns are shown, and their haplotypes are indicated above the traces: (A) homozygous for the insertion (underlined), and heterozygous for the SNP (an arrow points to SNP site); (B) homozygous for the deletion and the SNP allele A; (C) heterozygous for the indel and the SNP alleles; and (D) heterozygous for the indel and homozygous for the SNP allele A. The underlined regions in panels C and D denote the regions of ambiguous sequence. In these regions, the observed pattern corresponds to the superimposing of panel A on panel B. Arrows labeled Del and Ins indicate the sites where the SNP alleles can be identified for the chromosomes with and without the deletion, respectively. For this example, these are the sites that are informative for the SNP genotyping. Panel E presents all the possible combinations of an 11-nucleotide stretch following the indel site in the three haplotype variants observed in the study of the TRA16 locus. Each haplotype is described by the allele status of the indel (Ins or Del), followed by the allele status of the SNP (A or G). Diploid sequence mixtures of each combination of haplotypes appear in the corresponding cells together with their expected sequence in a colored singleletter code (A, green; C, blue; G, black; T, red; ambiguous, purple). The base calling above the traces in panels A, C, and D was modified to the use of this code, which, with the use of panel E, allows fast identification the origin of the ambiguous trace. Sample trace files of the TRA16 locus are downloadable from the TraceHaplotyper homepage.
A B E C D Benchmarks phisms are one order of magnitude less than in maize, which limits applicability of the method. Yet, the recently published initial map of indel variation in the human genome (9) presented fine-scale maps of chromosomal indel and SNP variation, demonstrating that there are hotspots for genetic variation with high frequency of both types of variation that are relevant to the method.
Many methods exist for the detection of loci that can serve as genetic markers and for the genotyping of these markers, revealing which alleles an individual carries at the different loci. Some of the detection methods can handle indels and process ambiguous trace files, including ShiftDetector (10), PolyScan (11), Trace-Recalling (12) , and computer programs such as Mutation Surveyor ® and Mutation Explorer ® (SoftGenetics, LLC, State College, PA, USA). A more difficult problem is haplotyping (i.e., determining which alleles lie on each of the two homologous chromosomes in a diploid individual). TraceHaplotyper is the only application for direct haplotyping that does not require knowledge of one haplotype to infer the other and that can directly process trace files.
While this work was under consideration, a similar computer program named Champuru (13) was published. However, Champuru can only use manually edited text files as input and does not analyze trace files directly.
TraceHaplotyper is written in Perl and is freely available, along with supplementary data, on the TraceHaplotyper homepage.
